Perovskite-type photovoltaic devices with polysilane hole transport layers were fabricated by a spin-coating method. In the present work, poly(methyl phenylsilane) (PMPS) and decaphenylcyclopentasilane (DPPS) were used as the hole transport layers. First, structural and optical properties of the PMPS and DPPS films were investigated, and the as-prepared PMPS and DPPS films were amorphous. Optical absorption spectra of the amorphous PMPS and DPPS showed some marked features due to the nature of polysilanes. Then, microstructures, optical and photovoltaic properties of the perovskite-type photovoltaic devices with polysilane hole transport layers were investigated. Current density-voltage characteristics and incident photon to current conversion efficiency of the photovoltaic devices with the polysilane layers showed different photovoltaic performance each other, attributed to molecular structures of the polysilanes and Si content in the present hole transport layers.
Introduction
Since the first report of solar cells based on organic-inorganic halide perovskites [1] , various perovskite-type solar cells consisting of ABX 3 compounds (A = CH 3 NH 3 , HC(NH 3 ) 2 or Cs, B = Pb or Sn, X = I, Cl or Br) have been extensively studied [2] - [7] . Conversion efficiencies over 20% have recently been achieved for perovskite-type solar cells [8] - [13] . However, photovoltaic properties of perovskite-type solar cells strongly depend on fabrication process, microstructure and electronic structure of materials. For perovskite-type solar cells, instabilities against humidity, temperature, and continuous light irradiation are also crucial issue [14] . Therefore, detailed investigation of perovskite-type solar cells is required to achieve conversion efficiency greater than currently achieved.
2,2',7,7'-tetrakis[N,N-di(p-methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD) is used in perovskite-type solar cells as a hole transport layer because spiro-OMeTAD can yield high conversion efficiency. However, spiroOMeTAD is an expensive organic compound. To circumvent the problem, exploitation of alternate hole transport materials has actually been performed [15] [16] [17] [18] .
Polysilanes are promising candidates for the alternate hole transport materials because they are one-dimensional silicon-based materials [19] [20] , and can provide good electrical, optical and photovoltaic properties [21] [22] [23] [24] .
Very recently, effects of polysilane-doped spiro-OMeTAD hole transport layers were investigated by our group, and the polysilane-doped spiro-OMeTAD hole transport layers were found to increase conversion efficiency of the perovskitetype photovoltaic devices [25] . However, photovoltaic properties of perovskitetype solar cells with polysilanes as hole transport layers have not yet been clarified.
The purpose of the present work is to fabricate of perovskite CH 3 NH 3 PbI 3 -based photovoltaic devices with polysilane hole transport layers. In the present study, poly(methyl phenylsilane) (PMPS) and decaphenylcyclopentasilane (DPPS) were used as the hole transport layers, as shown in Figure 1 (a) and Figure 1(b) , respectively. The photovoltaic devices with the polysilane layers were fabricated by a simple spin-coating method in air atmosphere. Structures, optical and photovoltaic properties of the polysilanes and CH 3 NH 3 PbI 3 were also investigated. The structures and optical properties of the polysilanes and CH 3 NH 3 PbI 3 were investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS) and optical spectroscopy. Besides, the photovoltaic properties of the devices were evaluated by measuring current densityvoltage (J-V) characteristics and incident photon to current conversion efficiency (IPCE). Carrier transport mechanism based on the obtained results was discussed. 
Experimental Procedures
First, polysilane films were prepared on cleaned glass substrates by a spin-coating method [26] . PMPS (Osaka Gas Chemicals, OGSOL SI-10-10, molecular weight (Mw): 16,300, 12 mg) and DPPS (Osaka Gas Chemicals, OGSOL SI-30-10, Mw: 945.11, 12 mg) powders were separately dissolved in ο-dichloro-benzene (Wako Pure Chemical Industries, 500 μL). Triphenylborate solution (Sigma-Aldrich, 25 μL) was added into the polysilane solutions as a p-type dopant [26] . Non-doped and boron (B)-doped polysilane solutions were stirred at room temperature. The polysilane solutions were dropped on the glass substrates, and spun by a spin coater (Mikasa, MS-A 100) at 1500 rpm for 30 s. This process was repeated until the desired thickness. Then, CH 3 NH 3 PbI 3 -based photovoltaic devices with polysilane hole transport layers were also fabricated to investigate photovoltaic properties of the polysilanes. The detailed fabrication process was described in our previous reports [18] Prior to spin-coating of the mesoporous TiO 2 , the TiO 2 paste was prepared by dispersing TiO 2 powder (Aerosil, P-25) in ultrapure water. Poly(ethylene glycol) (Nacalai Tesque, averaged molecular number: 20,000, 10 mg), acetylacetone (Wako Pure Chemical Industries, 10 μL) and a surfactant (Sigma-Aldrich, Triton X-100, 5 μL) were added in the TiO 2 paste. The paste was stirred for 30 [33] . The molar ratio of the solutes was 1:1. The CH 3 NH 3 PbI 3 solution was stirred at 60˚C over 2 h. Prior to spin-coating, the solution was filtered using a 0.20 μm poly(vinylidene difluoride) syringe filter unit (Advantec, Dismic 13 HP). Moreover, the substrate was kept at 50˚C by a heating gun, checked by a thermometer. The CH 3 ) irradiation conditions. The light was irradiated from the bottom side of FTO-coated glass substrate using a solar simulator (San-Ei Electric Co., Ltd., XES-301S). Effective area of the devices was 0.090 cm 2 . IPCE spectra of the devices were also collected using an IPCE measurement system (Enli Technology Co., Ltd., QE-R). All measurements were carried out at room temperature. , which agreed with our previous report [26] . Compared with the XRD pattern of heat-treated DPPS film, a peak shift to lower diffraction angle was observed for the heat-treated DPPS:B one, suggesting a structural change of DPPS by B doping and heat trearment. On the other hand, the PMPS and PMPS:B films were not crystallized. In the present work, non-heated PMPS:B and DPPS:B hole transport layers were prepared on the CH 3 NH 3 PbI 3 -based photovoltaic devices. to Si-C bond-related transition [34] , π-π* transition of phenyl group [35] and σ-σ* transition of polysilane chain [35] , respectively. The feature at 435 nm shown in inset in Figure 3 (a) was derived from charge transfer excitation [35] .
Results and Discussion
In contrast, absorption intensity of DPPS:B film shown in Figure 3 Figure  7 (a). Broad absorption spectra were obtained in the range of 400 -780 nm. Two peak structures at 415 and 500 nm would be derived from TiO 2 and PbI 2 , respectively [36] [37] . From the optical absorption spectra, energy gaps of the CH 3 NH 3 PbI 3 layers in the devices were estimated by Tauc's formula: (hνα) n = A(hν − E g ), where h, ν, α, A, E g and n are the Plank constant, light frequency, optical coefficient, proportional constant, energy gap, and power index which depends on the nature of the transition, respectively. In the present study, n = 2 was used for the CH 3 NH 3 PbI 3 because CH 3 NH 3 PbI 3 is a direct transition semiconductor [38] . As shown in Figure 7(b) , the E g of the CH 3 NH 3 PbI 3 in the two devices were 1.59 eV, comparable with reported E g of CH 3 NH 3 PbI 3 prepared with a mixed solvent consisting of γ-butyrolactone and DMF [33] . However, there was no peak Figure 2 were used for the energy levels. In Figure 9 (a), although the lowest unoccupied molecular orbital (LUMO) energy level of PMPS was assumed approximately −2.0 eV [41] , an energy level shift of LUMO by B doping would be conceivable [42] . In Figure 9 Finally, composition ratio of Pb and I atoms presented in Table 2 is very sensitive to photovoltaic performance. Compared with photovoltaic devices fabricated without air blow-assisted spin-coating method [25] [29] [30] , the present CH 3 NH 3 PbI 3 layers were Pb-rich and I-poor, suggesting that the CH 3 NH 3 PbI 3 layers were n-type. Types of conductivity of perovskite compounds strongly depend on composition ratio of themselves. In fact, Wang et al. reported that PbI 2 -rich CH 3 NH 3 PbI 3 behaved like an n-type semiconductor [44] .
To improve the photovoltaic performance of perovskite-type solar cells with polysilane hole transport layers, investigation of electrical, optical and photovoltaic properties of polysilanes including p-type dopants should be necessary.
Conclusion
Perovskite-type photovoltaic devices with polysilane hole transport layers were fabricated and were investigated. As-deposited PMPS:B and DPPS:B layers were amorphous, and their optical absorption spectra showed some marked features 
